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Bed bugs (Hemiptera:Cimicidae) are a common, hematophagous ectoparasite of humans
and other animals, and are experiencing an international resurgence. Cimicids have been
implicated in the transmission many disease agents, including various Bartonella species,
however disease transmission has not yet been confirmed. Bartonella spp. are transmitted by a
variety of arthropods, including fleas, lice and sand flies, and it is speculated that bed bugs may
also serve as a potential vector. In this study, we used an artificial membrane to feed two groups
of adult Cimex lectularius rabbit blood, either infected or uninfected with Bartonella henselae.
After two weeks, the presence of Bartonella henselae was assessed via PCR, and salivary glands
from infected and uninfected bed bugs were dissected and processed for transmission electron
microscopy. We were unable to visually identify Bartonella henselae in the images, and
therefore unable to confirm the role of bed bugs in B. henselae transmission.
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CHAPTER I
BACKGROUND AND INTRODUCTION
1.1
1.1.1

Introduction
Bed bugs
Bed bugs (Hemiptera: Cimicidae) are a common, obligate hematophagous ectoparasite of

humans and other animals. Distributed throughout both temperate and tropical parts of the
world, the members of this family most associated with humans are Cimex lectularius and Cimex
hemipterus. Over the last 40 years, incidence reports of both species have been rapidly
increasing, not just in residential homes but also in hotels, bed-and-breakfasts, apartments,
retirement homes, and more (Hwang et al. 2005, Doggett and Russell 2009, Bencheton et al.
2011, Delaunay 2012, Durand et al. 2012, Ralph et al. 2013). This increase is likely due to a
variety of factors, particularly a rise in resistance to carbamate, pyrethroid, and organophosphate
insecticides (Potter 2006, Harlan 2007, Romero et al. 2007, Doggett and Russell 2009, Kweka et
al. 2009, Tawatsin et al. 2011, Doggett et al. 2012, Lilly et al. 2016). Other factors have
contributed to the rise in bed bug infestations, including increased global travel, decreased public
ability to recognize and properly manage infestations, decreased public use of pesticides and
changing or imperfect pest control tactics. The change in pest control tactics include poor
training of pest control technicians, slow response to population resurgence by pest management
associations, and failure of regulatory agencies to ensure pesticide products are current and
effective against bed bug populations (Doggett et al. 2012). The elevated level of exposure that
1

humans are encountering to members of Cimicidae makes it of utmost importance to understand
the breadth of their public health significance, including biological vectoral competency
(Goddard and deShazo 2009, Doggett et al. 2012, Leulmi et al. 2015).
Flat, brown, and wingless, cimicids are unable to jump or fly, but are able to crawl along
surfaces, at approximately 3-4 feet per minute (Cooper et al. 2015, Goddard et al. 2015). Males
and females can be distinguished by the male’s pointed abdomen (Figure 1.1). Like other
Hemipterans, bed bugs have mouthparts adapted for piercing and sucking, and specifically for
piercing skin and to feed on blood. While there are more comprehensive reviews on bed bugs
(Usinger 1966, Reinhardt and Siva-Jothy 2007), a brief summary is included here. Bed bugs are
hemimetabolous insects, meaning they undergo three life stages: egg, nymph, and adult. An adult
female can lay anywhere from 200-500 eggs in her lifetime, laying about 3-8 eggs a day. Upon
emergence from the egg, nymphal bed bugs undergo five juvenile stages, or instars, which are
miniature versions of the adult form, sometimes with a different color variation. Bed bugs begin
their lives around 1mm in length and are clear to off-white in color. Melanization occurs over the
course of their nymphal life, leading them to becoming a deep reddish-brown color and 5-6 mm
in length as fully grown adults. All life stages require blood for development and will feed every
few days if a food source is available. However, bed bugs can survive up to a year without a
blood meal. Completion of the blood meal takes up to 15 minutes. Bed bugs are attracted to the
carbon dioxide and heat emitted by their hosts. Cimicids are a cryptic species, meaning they are
photophobic, and are typically only seen while they take their blood meal. They do not typically
live on their human hosts, and only emerge from their harborages within the cracks and crevices
of walls and furniture for feeding at night (Pietri 2020).
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Figure 1.1

The last several abdominal segments on a male (A) and female (B) bed bug

Bed bugs can elicit both direct and indirect reactions from their hosts after a blood meal
takes place. While reaction to bites can vary based on the individual, bed bug bites broadly result
in either a rash at the site of the bite, or an allergic reaction (Reinhardt and Siva-Jothy 2007,
Goddard and deShazo 2009). Reactions can range from nothing, to small, indistinct red lesions
(~5 mm) at the site of the bite to large circular lesions (2-5 cm; (Goddard and deShazo 2009,
Doggett et al. 2012). It is thought that this reaction is a response to salivary components injected
into hosts by bed bugs during feeding process (Goddard and Edwards 2013, Goddard et al.
2013); C. lectularius saliva contains nitrophorin (a vasodilator), apyrase (inhibitor of platelet
activation and aggregation) and an inhibitor of factor X (delays clot formation; (Valenzuela et al.
1995, Valenzuela et al. 1996b, Valenzuela et al. 1996a). Goddard et al. (2013) applied bed bug
salivary gland extract (supernatant of a vortexed salivary gland-PBS solution) to a culture of
THP-1 monocytes, a line of human leukemia monocytes. As a result, a wide variety of
inflammatory mediators were induced, including a variety of interleukin proteins, interferon
proteins and chemokines, indicating that bed bug saliva contains proteins and molecules that
elicit an immune response on the skin (Goddard et al. 2013).
3

Due to the nature of bed bugs and their habitats, infestations can have a severe economic
impact, resulting in millions of dollars of damage to the hospitality and travel industries, as well
as private households (Davies 2004). Not only is there a financial cost, in the form of pest
control and replacement of infested furniture, but there are also social costs, including being
ostracized from social groups, as well as mental and emotional effects (Boase 2001, Davies
2004, Goddard and de Shazo 2012).
Transmission of disease agents by bed bugs is controversial but should be investigated
due to the increased level of exposure of humans to cimicids, especially considering the insect’s
cryptic and obligate hematophagous lifestyle. Bed bugs have been implicated in the biological
transmission of many diseases, including human immunodeficiency virus (HIV) and hepatitis B
(HBV), but transmission has not been confirmed in laboratory studies (Burton 1963, Jupp and
Lyons 1987, Webb et al. 1989, Vall Mayans et al. 1994, Blow et al. 2001, Silverman et al.
2001a, Goddard and deShazo 2009, Delaunay et al. 2011). HIV can be detected in bed bugs for
up to eight days following a concentrated blood meal, but the virus was not detected in the feces
and viral replication was not shown or seen (Jupp and Lyons 1987, Webb et al. 1989). Bed bugs
collected from a variety of international locations were HBV surface antigen positive, implying
either infection with the virus, or the ingestion of an infected blood meal (Brotman et al. 1973,
Jupp et al. 1978, Jupp et al. 1983, Hu et al. 1984, el-Masry and Kotkat 1990). In one study, bed
bugs were fed hepatitis B surface antigen-positive blood meals, and the antigen persisted for up
to 7 weeks, but viral replication, as well as transovarial and transstadial (past one molt)
transmission were not seen (Jupp and McElligott 1979). Other studies have detected HBV via
PCR in bed bugs and in bed bug feces for up to 6 weeks (Blow et al. 2001, Silverman et al.
2001b); however, vector competency has never been shown in lab experiments and one seminal
4

experiment in chimpanzees failed to demonstrate viral transmission (Jupp et al. 1991). In that
study, researchers gave bed bugs an HBV-infected blood meal and subsequently allowed the bed
bugs to feed on susceptible chimpanzees, who failed to develop an infection for the duration of
the experiment (11 months). To confirm this result, researchers subsequently injected the
chimpanzees with the same blood serum used to originally infect the bed bugs, rapidly causing
an HBV infection in the primates.
Furthermore, some studies have shown the ability of some pathogens, such as Rickettsia
parkeri, Trypanosoma cruzi, and Bartonella quintana, to be maintained in the gut of bed bugs for
up to two weeks, but the role of these bacteria in natural disease cycles has either been refuted or
needs to be further investigated (Goddard et al. 2012, Leulmi et al. 2015, Salazar et al. 2015,
Blakely et al. 2018). It is important to note that while bed bugs have not been directly implicated
in the biological transmission of any pathogens to date, it is of paramount importance to continue
proactively investigating their role in mechanical or biological disease transmission.
1.1.2

Bartonella henselae
Bartonella is a genus of Gram-negative, rod-shaped, facultative intracellular bacteria that

have been isolated from a wide array of mammals (Jacomo et al. 2002, Angelakis and Raoult
2014). These bacteria are unique in their ability to cause a prolonged bacteremia in their hosts
with few, if any, symptoms (Jacomo et al. 2002). Several species have been implicated in human
disease, including Bartonella bacilliformis, B. quintana, and B. henselae (Carrión’s disease,
trench fever, and cat scratch fever, respectively). Different Bartonella species are known to be
transmitted by a variety of arthropods, including fleas, lice, and sand flies. Bartonella henselae,
the causative agent of cat scratch disease/fever, is traditionally thought to be transmitted to
humans through scratches delivered by feral or domestic cats, however an increasing body of
5

literature suggests that the disease ecology of B. henselae is more complex, with recent reports
even implicating various tick species in the bacterial disease cycle (Chang et al. 2001, Sanogo et
al. 2003, Podsiadly et al. 2007, Cotté et al. 2008, Matsumoto et al. 2008, Mokhtar and Tay 2011,
Bouhsira et al. 2013a, Bai et al. 2015, Wechtaisong et al. 2020, Wechtaisong et al. 2021).
Humans are accidental hosts of Bartonella spp., including B. henselae. Cat scratch
disease (CSD) has been reported worldwide and is thought to be the most common Bartonella
infection today, with one estimate approximating 24,000 cases in the United States annually and
another reporting an annual incidence report of 4.5-5.7/100,000 outpatient diagnoses and 0.170.22/100,000 inpatient admissions (Jackson et al. 1993, Nelson et al. 2016). It was originally
isolated from a patient in 1993 and subsequently from an asymptomatic cat (Regnery et al. 1992,
Dolan et al. 1993). Severity of symptoms upon infection is reliant upon the immune status of the
host. Typically, CSD presents initially with an enlarged papule on the skin and develops into a
regional lymph node inflammation. Lymph node regression may take weeks, or even months, but
in a small portion of patients (around 10%), it may become suppurative. Further complications
can occur in younger patients, such as rash, hepatosplenomegaly, lytic bone lesions, and deep
lymphadenitis (Jacomo et al. 2002). Primary colonization of the human host by Bartonella spp.
is controlled and mediated by the immune system. After initial inoculation, the bacteria are
rapidly cleared from the blood but may reappear in the bloodstream 4-5 days post initial
infection (Schülein et al. 2001). At this point in the infection, the bacteria will invade red blood
cells and begin intracellular replication. Colonization of secondary locations, primarily in
vascularized tissue, may occur in certain cases (Dehio 2003, Minnick and Battisti 2009).

6

Figure 1.2

Transmission electron microscopy image of Bartonella henselae

From Kordick and Breitschwerdt (1995), image of bacterium in a feline erythrocyte.
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1.2

Study purpose
In this study, I aim to determine infection of Cimex lectularius salivary glands by

Bartonella henselae using transmission electron microscopy (TEM). TEM offers visualization of
the salivary gland at the cellular level, allowing researchers to visually identify molecular
structures, in this case, an artificially introduced bacteria. Bed bugs have been implicated as a
possible vector for Bartonella quintana, a closely related species to B. henselae, and B. henselae
has been shown to be able to be transmitted by a variety of different arthropods. Therefore, the
possibility of bed bugs playing a role in B. henselae transmission is well justified. We pursued
the following objectives:
1) Infect bed bugs with Bartonella henselae through an infected blood meal.
2) Perform polymerase chain reaction on bed bug carcasses fed blood infected with
Bartonella henselae, in an attempt to amplify B. henselae DNA.
3) Perform transmission electron microscopy on bed bug salivary glands.
Our hypotheses are as follows:
H0: We do not expect a difference in the images of the control and treatment, implying
unsuccessful infection of the salivary glands with Bartonella henselae.
H1: We expect to see a difference in the images of the control and treatment, implying that the
salivary glands were successfully infected with Bartonella henselae.
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CHAPTER II
ULTRASTRUCTURE OF CIMEX LECTULARIUS SALIVARY GLANDS INFECTED WITH
BARTONELLA HENSELAE
2.1
2.1.1

Introduction
Bed bugs
The common bed bug (Hemiptera: Cimicidae) is an obligate hematophagous ectoparasite

of humans and animals. Two species, Cimex lectularius and Cimex hemipterus, are commonly
associated with humans and of increasing concern due to the rapid increase in incidence reports
in multiple countries, particularly in residential homes, hotels, bed-and-breakfasts, apartments,
retirement homes, and more (Hwang et al. 2005, Doggett and Russell 2009, Bencheton et al.
2011, Delaunay 2012, Durand et al. 2012, Ralph et al. 2013). A variety of factors have
contributed to the rise in cimicid populations, namely an increase in pesticide resistance but also
increased global travel, decreased ability of the public to identify a bed bug, and a decreased
efficacy in pest control treatments and strategies (Potter 2006, Harlan 2007, Romero et al. 2007,
Doggett and Russell 2009, Kweka et al. 2009, Tawatsin et al. 2011, Doggett et al. 2012, Lilly et
al. 2016). An increased level of human encounters to bed bugs makes it of utmost importance to
understand threats to public health posed by cimicids, including their competency as biological
vectors (Goddard and deShazo 2009, Doggett et al. 2012, Leulmi et al. 2015).
Transmission of disease agents by bed bugs is controversial but should be investigated
due to the aforementioned increased exposure of humans to bed bugs, which have cryptic and
9

obligate hematophagous lifestyles. Bed bugs have been implicated in the biological transmission
of many diseases, including human immunodeficiency virus (HIV) and hepatitis B (HBV), but
transmission has not been confirmed in natural or laboratory settings (Burton 1963, Jupp and
Lyons 1987, Webb et al. 1989, Vall Mayans et al. 1994, Blow et al. 2001, Silverman et al.
2001b, Goddard and deShazo 2009, Delaunay et al. 2011). Pathogens such as Rickettsia parkeri,
Trypanosoma cruzi, and Bartonella quintana can be maintained in the gut of bed bugs for up to
two weeks, and transmission of T. cruzi to mice has been demonstrated in a laboratory setting
(Salazar et al. 2015); however, the role of these pathogens in natural disease cycles has either
been refuted or remains unknown (Goddard et al. 2012, Leulmi et al. 2015, Salazar et al. 2015,
Blakely et al. 2018). Bed bugs have not been directly implicated in the biological transmission of
any pathogens to date, but proactive investigations into their potential to transmit diseases
mechanically or biologically are needed to anticipate any looming threats to public health.
2.1.2

Bartonella henselae
Bartonella is a genus of Gram-negative, rod-shaped bacteria that have been isolated from

a wide array of mammals (Jacomo et al. 2002, Angelakis and Raoult 2014). These intracellular
bacteria are unique in their ability to cause a prolonged bacteremia in their hosts with few, if any,
symptoms (Jacomo et al. 2002). Several species, including Bartonella bacilliformis, B. quintana,
and B. henselae have been implicated in human diseases such as Carrión’s disease, trench fever,
and cat scratch fever, respectively. Different Bartonella species are known to be transmitted by a
variety of arthropods, including fleas, lice, and sand flies. Bartonella henselae, the causative
agent of cat scratch disease/fever, is traditionally thought to be transmitted to humans through
scratches delivered by feral or domestic cats, however an increasing body of literature suggests
that the disease ecology of B. henselae is more complex, with recent reports implicating various
10

tick species in the bacterial disease cycle (Chang et al. 2001, Sanogo et al. 2003, Podsiadly et al.
2007, Cotté et al. 2008, Matsumoto et al. 2008, Mokhtar and Tay 2011, Bouhsira et al. 2013a,
Bai et al. 2015, Wechtaisong et al. 2020, Wechtaisong et al. 2021).
2.2

Study purpose
In this study, we investigated the potential of Cimex lectularius to transmit Bartonella

henselae, by attempting to visualize the bacteria in the salivary glands using transmission
electron microscopy (TEM) after feeding the bugs infected blood. TEM offers visualization of
the salivary gland at the cellular level, allowing identification of molecular structures, and in this
case, artificially introduced bacteria. To achieve this goal, we first infected bed bugs with the
bacteria and then dissected out bed bug salivary glands two weeks post-infection. Polymerase
chain reaction (PCR) was then performed on the remaining bed bug carcasses and TEM was
performed on the salivary glands.
2.3
2.3.1

Methods
Bartonella henselae culture and growth
Bartonella henselae was obtained from Dr. Ed Breitschwedt at North Carolina State

University in a frozen saline stock solution and placed in a -80°C freezer until use. The bacteria
were grown on sheep blood agar plates. Following inoculation, plates were maintained at 37 °C
in 5% CO2 in the dark. For bed bug infection assays, bacteria were collected after 7 days of
growth and suspended in sterile phosphate-buffered saline (PBS, pH = 7.4; Thermo Fisher
Scientific, USA). The bacteria were then diluted with PBS to approximately 1x106 bacteria per
mL (Liu et al. 2014).
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Figure 2.1

Bartonella henselae colonies on blood agar plate.

Image courtesy of Nicole Hasenkampf, from the Ember lab at the Tulane National Primate
Research Center.
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2.3.2

Bed bug colony maintenance, infection assay, and dissection
Bed bugs were maintained in the lab on a 12L:12D photoperiod and at 24 ± 1°C and 50-

55% relative humidity at the Tulane National Primate Research Institute in Covington,
Louisiana. For this experiment, they were fed on defibrinated rabbit blood obtained from
Hemostat Laboratories (Dixon, CA) using an artificial membrane system (see Figure 2.2), as
described previously (Goddard et al. 2012). After the infection assay, bed bugs were maintained
in the lab for two weeks, at room temperature (around 23°C). Males and females were not
separated. For purpose of these analyses, 30 bed bugs were used in total: 13 received uninfected
rabbit blood and 17 received rabbit blood infected with Bartonella henselae (Table 2.1).
Two weeks after feeding on either infected or uninfected blood, salivary glands of bed
bugs were dissected (Appendix figure A.1) by first placing the insects onto double sided tape to
prevent movement. Double-sided tape was placed in a petri dish filled with 2.5% glutaraldehyde
and CaCl2 in 0.1M sodium cacodylate buffer, the primary fixative in the transmission electron
microscopy process. Cuttings were then made in the pronotum of the insect using a small scalpel
(Fine Science Tools; Foster City, CA). Once salivary glands were visualized, they were removed
using fine forceps and placed into the previously mentioned primary fixative for 2 hours. The
salivary glands were pooled in one tube of primary fixative, between 5-8 glands per tube. On
some bed bugs, the salivary gland was not dissected and removed, but rather the whole pronotum
was cut, removed, and suspended in the fixative (Figure 2.3).

13

Figure 2.2

Bed bug feeding apparatus

The bed bug feeding apparatus used in this experiment: (A) the complete system, with the
crockpot maintaining water temperature, tubes allowing water to circulate through the glass bell,
and the bell containing blood in it covered with parafilm. (B) close up of the bell, showing
parafilm. The bell is on top of a plastic container holding the bed bugs. The top of the container
was removed and covered with a netting to allow for bed bugs to pierce the parafilm and feed.
Inside the plastic container paper was inserted allowing bed bugs to move up to the parafilm.

Table 2.1

Cimex lectularius feeding regimen
Feeding status
Uninfected
Infected

Total PCR of carcass
13
3
17
10

SG removed for TEM
10
17

Table showing treatment schematic of each bed bug. Adult bed bugs were fed either uninfected
blood or blood infected with Bartonella henselae. Two weeks post-infection, the salivary glands
of all bed bugs were removed, and PCR was performed on some of the carcasses to determine
presence or absence of B. henselae. The salivary glands that were removed were fixed for
transmission electron microscopy. SG = salivary gland.

14

2.3.3

DNA isolation and polymerase chain reaction
Following previous experiments (Ogston et al. 1979, Jupp et al. 1991), bed bug DNA was

isolated two weeks post-infection from carcasses after salivary gland removal using the Qiagen
DNeasy Blood and Tissue Kit. Briefly, bed bugs were individually homogenized using mortar
and pestle, through manual grinding. Following homogenization, we followed the
manufacturer’s protocol “DNA Isolation from Tissue Samples,” and then proceeded with
precipitation of total DNA. DNA was resuspended in Tris-EDTA buffer. Optical density (OD)
260/280 readings were obtained using a Nanopore spectrophotometer (Appendix table A.1).
A nested polymerase chain reaction (PCR) of bed bug DNA was performed to amplify B.
henselae DNA in bed bug carcasses after salivary gland removal. Nested PCR consists of two
subsequent rounds of PCR, with the product of the first round being used in the second round to
increase likelihood of B. henselae DNA amplification. The PCR primers (listed in Table 2.3)
amplify a Vomp protein, specific to B. henselae, which belongs to a family of variably expressed
outer membrane proteins (Zhang et al. 2004).

Table 2.2

PCR primer sequences

External
Internal

Forward
Reverse
Forward
Reverse

5'-CTT CAG ATG ATG ATC CCA AGC CTT CTG GCG-3'
5'-GAA CCG ACG ACC CCC TGC TTG CAA AGC-3'
5'-ACC AGT TTA TCC ATT ACT TTC ATA AGT GCT-3'
5'-TTT GGA ATT TAT ATC AAC CAA ATG GAC GCT-3'

Forward and reverse primer sequences used in nested PCR.
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2.3.4

Transmission Electron Microscopy
As previously mentioned, samples were originally dissected in 2.5% glutaraldehyde and

2mM CaCl2 in 0.1M sodium cacodylate buffer for 2 hours at room temperature and washed in the
same buffer. Subsequently, they were post fixed with 1% osmium tetroxide in 2mM CaCl2 in
0.1M sodium cacodylate buffer for an additional hour at room temperature and washed in the
same buffer as well. The samples underwent a graded ethanol dehydration series and a gradual
infiltration with propylene oxide and finally with Epoxy resin. Samples were then embedded in
Epoxy resin. Ultra-thin sections were stained with 1% uranyl acetate and analyzed using a
transmission electron microscope (JEOL 1230 120kV; JEOL USA) in the Institute for Imaging
and Analytical Technologies at Mississippi State University. About 10-15 of these ultra-thin
sections were placed on a grid, and multiple grids were examined, resulting in over 30 fields of
view. Serrão et al. (2018) was used as a guide for the TEM fixation process. The TEM process is
described in more detail in Appendix A.
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Figure 2.3

Dorsal view of bed bug

Dorsal view of bed bug. Green, dashed lines depict where cuts were made with the scalpel. The
whole pronotum was then transferred into the fixative to perform TEM. Care was taken to
remove legs, if still attached
2.4
2.4.1

Results
PCR of uninfected bed bug carcasses
Two weeks after a blood meal, DNA was isolated from bed bugs carcasses fed uninfected

blood (after removal of the salivary glands) and a nested PCR was performed to ascertain
presence or absence of Bartonella henselae DNA. Of the thirteen bed bugs fed with uninfected
blood, three carcasses had PCR performed on them. All three bed bugs tested negative for B.
henselae in the first PCR and the second, nested PCR, both amplifying the B. henselae-specific
VOMP1 protein (Table 2.3).
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2.4.2

PCR of infected bed bug carcasses
Two weeks after a blood meal, and after the removal of the salivary glands, DNA was

isolated from carcasses of bed bug fed B. henselae-infected blood (Table 3). A nested PCR was
then performed to assess occurrence of B. henselae DNA. In the first round of PCR, zero bed
bugs tested positive for B. henselae (Figure 2.4). In the second, nested round of PCR, two
samples showed bright bands, indicating strong amplification, with two additional samples
having dimmer bands, indicating less amplification (Figure 2.5). This information is compiled in
Figure 2.6. While waiting to process the infected bed bugs, the bed bugs mated and laid eggs,
and the nymphs that emerged were also processed. The DNA of the nymphs was isolated, and
PCR was performed to test for presence of B. henselae DNA, which was not detected in either
round of PCR.

Figure 2.4

Image of gel electrophoresis, depicting results from the first round of PCR.

NTC means no template control, or negative control; Bh DNA is Bartonella henselae DNA, the
positive control; N is nymph DNA. Numbers 1-10 denote individual infected bed bug carcasses,
with the salivary glands removed.
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Figure 2.5

Image of gel electrophoresis, depicting results from the second round of PCR.

Of the ten samples shown on this gel, four tested positive for Bartonella henselae DNA. NTC
mean no template control, or negative control; DNA is Bartonella henselae DNA, the positive
control; N is nymph DNA. Numbers 14-23 denote individual infected bed bug carcasses, with
the salivary glands removed.

Figure 2.6

PCR results of bed bugs fed infected blood

PCR was performed on 17 bed bugs fed infected blood. Of these 17, five were positive for
Bartonella henselae DNA.
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2.4.3

TEM of bed bug salivary glands
The TEM image of uninfected bed bugs revealed a salivary gland consistent with

previously published literature (Serrão et al. 2008). The salivary glands were removed from
unfed insects; the images contained nothing but the glands themselves (Figure 2.7).

Figure 2.7

TEM of control bed bug salivary gland

TEM of (A) salivary gland tissue and (B) salivary gland lumen of a single bed bug fed
uninfected blood.
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Microscopy of the treatment group was done on a sample containing the whole pronotum.
Light microscopy was conducted first, to identify where the salivary gland was in the pronotum
sample (Appendix A.2). Once location was identified, TEM was performed. The TEM image of
infected bed bugs similarly showed a salivary gland consistent with previously published
literature (Serrão et al. 2008). By observing previously published TEM images of B. henselae,
morphology of the bacteria was known and understood (Kordick and Breitschwerdt 1995). The
images were visually analyzed for structures resembling the bacteria, and nothing of a similar
appearance was identified (Figure 2.8).
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Figure 2.8

TEM of treatment bed bug salivary gland

TEM of (A) salivary gland tissue and (B) salivary gland lumen of a single bed bug fed infected
blood.

2.5

Discussion
These results suggest that Cimex lectularius is not a viable biological vector of the

pathogen Bartonella henselae. The bacteria were not visualized in salivary glands two weeks
post-infectious blood meal. However, there may be other explanations as to why B. henselae was
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not visible by TEM. Bartonella henselae may have been in the salivary glands but not detectable
in the TEM images; while care was taken to visualize a representative subsection, approximately
30 fields of view, it is possible that the samples were from areas of the salivary gland without B.
henselae infection. In addition, it is possible that the inoculum used may not have been
sufficiently high enough to infect the bed bugs. It is also possible that not enough or too much
time had elapsed between feeding and analysis, such that B. henselae had not yet traveled back to
the salivary glands or had been cleared by the insect’s immune system. There may have been
little to no bacterial motility from gut to salivary glands; indeed, electron microscopy to date has
not shown flagella on B. henselae, and only twitching motility has been visualized on wet
mounts (Diddi et al. 2013). Lastly, it is possible that B. henselae does not localize in bed bug
salivary glands at all, but rather in another part of the insect’s body. This is, in part, supported by
the bacteria’s behavior in Ctenocephalides felis, the cat flea, which has been shown to be
transmitted through flea feces (Higgins et al. 1996, Finkelstein et al. 2002, Bouhsira et al. 2013b,
Bouhsira et al. 2013a). In fact, Finkelstein et al (2002), showed that B. henselae can persist in cat
flea feces for 3-4 days post-infectious blood meal, increasing in concentration over that period.
Related species Bartonella quintana has been shown to be maintained and detectable in bed bug
feces for up to 19 days post-infectious blood meal (Leulmi et al. 2015).
While the PCR data show evidence of bacterial DNA in several bed bug samples, this
does not imply that the DNA belonged to intact viable organisms. This DNA may have been left
over from partially digested bacteria after the blood meal. Additional studies need to be done to
determine whether DNA found in bed bug carcasses is viable, including immunofluorescence
assays (IFA) and culturing of the bed bug salivary glands and gut. Furthermore, fecal studies
should also be attempted to ascertain bacterial viability and subsequent pathogenicity through
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fecal exposure. It would also be interesting to conduct vertical transmission studies, and feed bed
bugs blood infected with B. henselae at different stages of life to assess effects of insect age on
the infectivity. Feeding bed bugs different concentrations of bacteria in the blood may also
change these results and should be investigated further.
Cimex lectularius is undergoing a major resurgence, with frequency of occurrence and
range expansion leading to numerous and increasing infestations internationally (Potter 2006,
Doggett et al. 2012). Due to this, it is important to understand the full extent of the clinical and
epidemiological implications of living in close association with these hematophagous insects.
The direct effects of bed bugs are well documented, with clinical manifestations including, but
not limited to, diverse effects such as small cutaneous lesion induced by a bite and decreased
mental health of individuals living in infested environments (Goddard and deShazo 2009,
Goddard and de Shazo 2012). The role of bed bugs in disease transmission, however, is
equivocal. This study aimed to help elucidate this role, ultimately suggesting that C. lectularius
may not be a viable biological vector of B. henselae.
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APPENDIX A
SUPPLEMENTAL MATERIAL
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A.1

Description of transmission electron microscopy
Transmission electron microscopy (TEM) is a high-resolution microscopy technique in

which a beam of electrons is passed through an ultra-thin sample to produce an image. This
image can be impacted by the density of the sample, thickness, and composition (i.e., whether
the sample is composed of plant tissue, insect exoskeleton, or animal adipose tissue). This
technique is used to reveal cellular information, such as structural details of organelles or
bacteria, size, morphology of lipids or proteins, and more. Typically, the sample is under 100 nm
thick and is placed on a copper grid. To prepare a sample, typically the sample is placed first in a
primary fixative, to crosslink proteins and cellular molecules. It is followed with a secondary
fixation, meant to preserve, and crosslink lipids. Next, a dehydration series takes place to replace
water content in the sample with an organic solvent. Subsequently, an epoxy resin is used to
penetrate the sample in a step called infiltration. Once the sample is infiltrated, it hardens and
sets in a process called polymerization. Cutting occurs once the sample is set, and then the cut
sample is stained and is ready for TEM.
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Table A.1

260/280OD readings from bed bug DNA isolation

Sample ID
14
15
16
17
18
19
20
21
22
23
N

Nucleic Acid
Concentration (ng/uL) 260/280
63.6
2.17
112.2
0.93
264.2
2.17
159.1
2.15
11.8
1.81
60.4
1.22
180.4
2.13
212.4
2.15
84.3
0.84
12
1.91
179.1
2.06

These values are from bed bugs that were fed from Bartonella henselae-infected blood. The last
row, sample N, is nymph DNA that was also isolated.
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Figure A.1

Salivary glands in the bed bug

Image courtesy of Jerome Goddard.

35

Figure A.2

Light microscopy of salivary gland in pronotum

Salivary gland is circled.
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Figure A.3

Lumen and tissue of uninfected bed bug salivary gland
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Figure A.4

Uninfected bed bug salivary gland
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Figure A.5

Lumen and tissue of uninfected bed bug salivary gland
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Figure A.6

Uninfected bed bug salivary gland
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Figure A.7

Uninfected bed bug salivary gland
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Figure A.8

Lumen and tissue of uninfected bed bug salivary gland
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Figure A.9

Lumen and tissue of salivary gland from a bed bug fed Bartonella henselae.

PCR of bed bug carcass was positive for B. henselae.
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Figure A.10 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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Figure A.11 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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Figure A.12 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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Figure A.13 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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Figure A.14 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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Figure A.15 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
Salivary gland is picture to the right. On the left is unidentified bed bug tissue. PCR of bed bug
carcass was positive for B. henselae.
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Figure A.16 Salivary gland tissue from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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Figure A.17 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.

51

Figure A.18 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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Figure A.19 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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Figure A.20 Lumen and tissue of salivary gland from bed bug fed Bartonella henselae
PCR of bed bug carcass was positive for B. henselae.
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